Abstract: Internal combustion engine emissions belong among the major anthropogenic sources of air pollution in urban areas. According to the International Agency for Research on Cancer, there is sufficient evidence of the carcinogenicity of diesel exhaust in human beings. Although alternative fuels, mainly biodiesel, have recently become popular, little is still known about the genotoxicity of emissions from these fuels. We analysed DNA damage expressed as the frequency of micronuclei (MN) in human bronchial epithelial cells (BEAS-2B), induced by extractable organic matter (EOM; tested concentrations: 1, 10 and 25 lg/ml) obtained from particle emissions from various blends of biodiesel with diesel fuels (including neat diesel fuel (B0), a blend of 70% B0 and 30% biodiesel (B30) and neat biodiesel (B100)). We also tested the effect of selected diesel exhaust organic/genotoxic components [benzo[a]pyrene (B[a]P) concentrations: 25, 100 and 200 lM; 1-nitropyrene (1-NP) concentrations: 1, 5 and 10 lM; 3-nitrobenzanthrone (3-NBA) concentrations: 1, 5 and 50 lM]. The cells were treated with the compounds for 28 and 48 hr. Our results showed that most of the tested compounds (except for the 25 lM B[a]P, 28-hr treatment) significantly increased MN frequency. The genotoxicity of EOMs from the engine emissions of diesel and biodiesel engines was comparable. Both nitro-PAH compounds demonstrated higher genotoxic potential in comparison with B[a]P. Considering our results and due to increasing popularity of alternative fuels, it is prudent that the potential genotoxic effects of various fuels are investigated across engine technologies and operating conditions in a relevant model system.
Engine emissions belong among the major anthropogenic sources of air pollution in urban areas. According to USEPA, 83% of people living in the USA are known to be exposed to concentrated diesel emissions from sources such as highways, heavy industries, construction sites, bus and truck depots [1] . Moreover, general contribution of diesel engines to the overall quantity of particulate matter (PM) in ambient air in urban areas was estimated as higher than 50% for the fraction of aerodynamic diameter of 10 lm and less (PM10) [2] . Production of diesel exhaust particles is accompanied by adsorption of organic and inorganic compounds from the combustion process and/or the adsorption of additional compounds. The chemical composition of PM of an aerodynamic diameter of 2.5 lm and less (PM2.5) from diesel exhaust consistently showed mainly elemental carbon (33-90%), organic carbon (7-49%), sulphates and nitrates (1-4%), metals and elements (1-5%) and a fraction of other chemicals (1-10%) [3] .
The overall impact of engine emissions on human health has been studied for a long time, mostly due to the presence of polycyclic aromatic hydrocarbons (PAHs) and their derivatives (nitro-PAHs) in diesel exhaust particles. In 1988, the International Agency for Research on Cancer (IARC) classified diesel engine exhaust as Group 2A (probably carcinogenic to human beings), but in 2012, based on new evidence concerning the association with increased risk of lung cancer, it was reclassified as Group 1 (carcinogenic to human beings). Moreover, exposure to diesel engine exhaust is also positively associated, but with limited evidence, with an increased risk of bladder cancer.
Apart from the health effects of diesel and gasoline emissions, the effects of emissions from the combustion of alternative fuels have also been at the centre of interest in the last few years. Our study focuses on biodiesel, which is the most widely used alternative fuel for diesel engines. Biodiesel, produced from fatty acids obtained primarily from plants (and algae) feedstocks, is believed to have advantages for production and use compared to petroleum and other fuel sources. The current market offers various blends of diesel and biodiesel or neat biodiesel. Combustion of biodiesel usually results in lower emissions of carbon monoxide, hydrocarbons, PM and PAHs, but emissions of nitrogen oxides and aldehydes tended to be higher when compared with emissions from conventional fuels [4] . Many authors strived to compare genotoxicity of conventional diesel and biodiesel fuels using diverse end-points in various experimental systems including cellular models [5, 6] , mice [7] , Salmonella Typhimurium [6, 8, 9] or acellular calf thymus DNA system [9] .
For genotoxicity tests in vitro, selection of a suitable model is critical. For that purpose, a number of model cell lines are available. They include immortalized and cancer cells, as well as cells originating from primary cultures. For cytogenetic methods, cell lines obtained from primary cultures are optimal. As they represent normal, non-tumour cells from various tissues, their potential for data interpretation is relatively high, although their main limitation is the fact that they stop dividing after a certain number of population doublings. Cancer cells do not suffer from limited number of cell divisions but the obtained data have lower interpretation value due to the variety of karyotypes in cell culture, which can further increase during long-term cultivation [10] . Immortalized cell lines recruited from normal cells as a result of induction of a viral gene that partially deregulates the cell cycle seem to be a reasonable compromise between the cells' senescence during cultivation of normal cells and karyotype abnormalities of cancer cell lines. Apart from these cellular systems, 3D cell cultures, containing various cell types and thus involving the interaction between cells and cell matrix, seem to be a promising novel model system for future experiments in this field of research. Due to their multi-cellular nature, they lie on the borderline between standard cell cultures and complex organisms.
Although analyses of micronuclei (MN) belong to the most commonly used cytogenetic methods in genetic toxicology to assess chromosomal damage, genotoxicity tests of emissions from fuels and extracts from emissions based on analysis of the frequency of MN are scarce, even though the variety of cell lines suggested for the MN assay is relatively broad. Specifically, the OECD Guidelines for the Testing of Chemicals in in vitro mammalian cells using a micronucleus test suggest the use of cultured primary human or other mammalian peripheral blood lymphocytes and a number of human and rodent cell lines, although limitations were suggested for some cells including human cancer cell lines HT29, Caco-2, HepaRG, HepG2 and A549 [11] .
Inspired by the lack of in vitro studies focused on testing the genotoxicity of engine emissions from biodiesel by micronucleus assay, we conducted a set of experiments to analyse the effect of exposure to extractable organic matters (EOMs) from exhaust particles obtained from emissions of three types of fuels (B0 -neat diesel fuel, B30 -a blend of 70% B0 and 30% biodiesel, and B100 -neat biodiesel) and the major diesel components (benzo[a]pyrene (B[a]P), 3-nitrobenzanthrone (3-NBA), 1-nitropyrene (1-NP)). In our study, we used the immortalized, non-tumour human bronchial epithelial cells (BEAS-2B) and adapted MN test with optimized cultivation protocol. Petroleum diesel fuel without a biocomponent (B0) and biodiesel (methylesters of rapeseed oil) in its neat form (B100) and at 30% by volume blend with diesel fuel (B30) were used as test fuels. Diluted exhaust was sampled from a full flow dilution tunnel and constant volume sampler (CVS) by a pair of modified atmospheric highvolume samplers (EcoTech 3000, 68 m 3 /h each) on fluorocarboncoated glass fibre filters (Pall TX40HI20-WW), which were then extracted by dichloromethane, and the extract was diluted in dimethyl sulphoxide (DMSO) at a sample concentration of 0.1 g EOMs/ml DMSO.
Chemical analysis of EOMs. Organic compounds were extracted with dichloromethane in an automated extraction apparatus Behr EF (BEHR, Germany) for 4 hr. Aliquot parts of the crude extract were redissolved in the required volume of acetonitrile for HPLC/DAD and LC/MS-MS, and in DMSO for bioassays. The method of external standardization was used for the quantification of all PAH contaminants. The accuracy and precision of the analytical methods was determined by analysing the standard reference material (SRM) 1650b (diesel PM; NIST, Gaithersburg, MD, USA). Further details of the chemical analysis are provided in [12] .
Cell line description. Human bronchial epithelial cells BEAS-2B obtained from ATCC
â https://www.atcc.org/ (CRL-9609 ™ ) were used to evaluate the genotoxic effect of both (i) EOMs and (ii) selected major diesel compounds. The BEAS-2B cells are an adherent cell line derived from lung autopsy of a healthy man in 1988 [13] . The cells are immortalized by hybrid Ad12-SV40 virus with typical epithelial morphology and metabolism. The cells are pseudodiploid and stable under conditions defined by ATCC.
Cell cultivation and treatment conditions. The protocol recommended by ATCC for cultivation of the BEAS-2B cells was used in this experiment in order to ensure the reproducibility of the experiments and stability of the cell line. Briefly, cultivation surfaces were coated with a mixture of 0.01 mg/ml fibronectin (Sigma-Aldrich, St. Louis, MO, USA), 0.03 mg/ml bovine collagen type I (Sigma-Aldrich, St. Louis, MO, USA) and 0.01 mg/ml bovine serum albumin (SigmaAldrich, St. Louis, MO, USA) dissolved in bronchial epithelial basal medium (BEBM ™ ; Lonza, Basel, Switzerland) and kept in a 37°C incubator overnight. Before seeding the cells, all the coating media were removed. Serum-free cultivation conditions (BEGM ™ kit CC-3170; Lonza, Basel, Switzerland) were used. For all experiments, the cells' confluence did not exceed 70% to avoid terminal squamous differentiation. Two exposure times (28 and 48 hr) and three concentrations of EOMs and major diesel exhaust carcinogenic compounds were selected for testing in this experiment. The tested concentrations were as follows: 1, 10 and 25 lg/ml for EOMs from engine particle emissions; 25, 100 and 200 lM for B[a]P (Sigma-Aldrich, St. Louis, MO, USA); 1, 5 and 10 lM for 3-NBA (Chiron AS); and 1, 5 and 50 lM for 1-NP (Sigma-Aldrich, St. Louis, MO, USA). Individual experiments were carried out in triplicate using the same passage of the cells.
Micronuclei analysis. The genotoxicity of the tested compounds was determined using the cytokinesis-block micronucleus assay in the 8-well Lab-Tek ™ Chamber Slide System where the cells were grown and treated, thus allowing us to reduce the consumption of media and the cost of the experiment. The co-treatment version of cytokinesisblock micronucleus assay with simultaneous treatment with compounds and cytochalasin-B (Sigma-Aldrich, St. Louis, MO, USA) (concentration 1 lg/ml) for 28 hr was performed according to the previously described conditions [11, 14] .
At the end of cultivation, the cells were treated with a hypotonic solution of KCl (0.075 M, Sigma-Aldrich, St. Louis, MO, USA) and fixed with a mixture of methanol (Merck Millipore Billerica, MA, USA) and acetic acid (Penta, Prague, Czech Republic) (3:1).
After fixation, the slides were dried and stained by 5% Giemsa (Merck Millipore). Visual scoring using the Olympus BX41 microscope was performed to analyse the binucleated cells (BNC) in final magnification 10009. A total of 3 9 500 BNC per each tested compound were evaluated and the cytokinesis-block proliferation index (CBPI) was calculated to control for cell division. The aberrant cells were recorded using a Canon EOS600D camera. The results were expressed as a percentage of BNC with MN (% ABB). Examples of BEAS-2B cells in various stages of experiment (cultivation, microscopic analysis) growing in appropriate and inappropriate conditions are shown in fig. 1A-D. Statistical analysis. The two-proportion z-test to compare control groups versus treated groups was used to analyse the data. The differences between groups were considered significant for p < 0.05.
Results
Chemical analysis of PAHs and their derivatives in EOMs from exhaust particles from all the tested fuels (diesel, 30% biodiesel and neat biodiesel) revealed differences in the content of PAHs, nitrated and dinitrated PAHs (table 1) . Concentrations of these compounds in EOMs increased with increasing content of biodiesel in the fuel. The difference was most pronounced for dinitrated PAHs, followed by nitrated PAHs and PAHs. The concentrations of methylated and oxygenated PAHs were comparable for all tested EOMs.
All the EOMs significantly increased the % ABB at all concentrations ( fig. 2A-C) . B0 samples caused a dose-dependent increase in the % ABB during 28 hr of exposure, unlike 48-hr exposure, where the lowest tested concentration (1 lg/ml) induced the highest increase in % ABB. For B30 samples, a dose-dependent increase in the % ABB was less obvious for 28-hr treatment; the results for 48-hr exposure had a trend similar to B0 samples. For B100 samples, we did not see dose-dependent effects of either treatment. The exposure time significantly affected the % ABB at a concentration of 1 lg/ ml for all fuels and at a concentration 25 lg/ml also for B100. Overall, the % ABB was slightly higher after 48-hr exposure than after 28-hr exposure.
Major diesel exhaust components (B[a]P, 3-NBA, 1-NP) mostly significantly increased the % ABB in BEAS-2B cells ( fig. 3A-C) . The only non-significant increase was observed for the 28-hr treatment with 25 lM B[a]P. For B[a]P exposure, no dose-dependent changes in the % ABB were found, but the effect of time of exposure was significant for all tested concentrations. Exposure to 3-NBA showed some dose-dependent changes for 28-hr treatment and, similar to B[a]P, a significant effect of time of exposure for the tested concentrations. The highest level of % ABB (7.73%) was found after 48-hr exposure to 5 lM 3-NBA. Although the 1-NP treatment also significantly affected the % ABB, no apparent dosedependent increase was detected for either exposure time. Interestingly, for 48-hr treatment, a dose-dependent decrease was observed. This finding could be associated with a decrease in the CBPI index to 1.55, suggesting possible cytotoxicity of the tested doses. The highest level of % ABB (7.4%) was induced by the lowest dose of 1-NP (1 lM) and 48 hr of treatment. All the tested PAHs had similar genotoxic effects, although nitro-PAHs induced a slightly higher % ABB than B[a]P after 28-hr exposure.
Discussion
In vitro studies analysing the effect of exposure to engine exhaust on induction of MN in mammalian cell lines have not been systematically conducted, even though they have potential to be used for a broad spectrum of new fuels and new engine and exhaust after-treatment technologies under various operating conditions. An urgent need for a comprehensive investigation of the impact on human health was recently suggested for biodiesel exhaust due to a broad variety of the blends with different ratios of diesel and biodiesel components [15] . Studies related to the in vitro micronucleus test are almost completely missing, and the cell system presented in our study can serve as a suitable model for a broader application of the MN test in future studies. A PubMed database search for such studies revealed only seven reports that applied analysis of MN to assess genotoxicity of diesel fuels or their components in vitro [16] [17] [18] [19] [20] [21] [22] . From these studies, three used Chinese hamster cell lines (V79, CHO and CHO-K1). Diesel exhaust PM substantially increased the frequency of MN in V79 lung cells besides a significant increase in chromosomal aberrations [19] . Similar results were observed for organic extracts of diesel exhaust particles (DEP) in V79 and CHO cells, although the MN frequency was higher in CHO cells [22] . The results obtained from ovary CHO-K1 cells showed that the aromatic and slightly polar fraction of diesel exhaust PM extracts induced chromosomal damage and DNA breakage in a non-cytotoxic dose [9] . Another study investigated the synergistic effects of the extracts of DEP and ultraviolet A radiation (UVA) in human-hamster hybrid (A L ) cells. The results provide direct evidence of the augmented cytotoxicity and genotoxicity of DEP extracts activated by UVA [20] . Two studies tested the effect of 3-NBA, identified in diesel exhaust, in human HepG2 and MCL-5 cells. Comet assay and the 32 P-post-labelling method were also applied in these studies. Increased frequencies of MN as well as elevated DNA damage measured by other methods were consistently observed in both cell lines for the tested dose of 3-NBA [17, 18] . Finally, one study used cultured human lymphocytes and an advanced variant of the MN test in combination with kinetochore labelling. The main results indicate that extracts from diesel emission particles, at least from light duty engines, preferentially induce whole chromosome loss (aneuploidy) rather than chromosome breaks [21] . We should stress that although all these studies demonstrated the ability of the MN assay to detect DNA damage after fuel emissions treatments, only four of them used the cells of human origin [16] [17] [18] 21] , from which only one study [21] used normal cells. Further, these studies focused on the effects of model compounds and diesel exhaust particulate material or extracts, but none of them tested the impacts of biodiesel emissions or their extracts, which was the principal aim of our study. The results of our experiments are generally in concordance with overall knowledge about the genotoxicity of diesel emissions and their major PAH components. Moreover, we observed comparable genotoxicity of extracts from diesel and biodiesel emissions, which supports the results of recent studies [23, 24] . The similarity of the effects of diesel and biodiesel fuel extracts is also supported by a comparative analysis of the toxic responses of organic extracts from diesel and selected alternative fuels engine emissions in human lung BEAS-2B cells analysed using the whole-genome expression approach [12] . Interestingly, although we found the content of PAHs and their nitro and dinitro derivatives to be several times higher in the extracts from B100 than those from B0 emissions, we did not observe any effect of this difference on the frequency of MN. This result suggests that other components of organic extracts than PAHs that we detected also affect MN formation. In fact, the concentrations of B[a]P and 1-NP in the EOMs were several orders of magnitude lower than tested concentrations of the individual compounds (pM versus lM range) and 3-NBA was event not detectable in EOMs. This clearly indicates the role of other compounds and/or synergistic effects between PAHs of low concentration in MN induction. BEAS-2B cell line was selected for our experiment due to its non-tumour features and immortalization that allows almost non-restricted growth. To keep the cell line stable and to avoid the increased presence of morphologically aberrant cells ( fig. 1D ) with profound phenotypic impact [25] , we strictly adhered to recommended cultivation protocols. We also compared the stability of the % ABB in the negative control samples. Stable results and a very low standard deviation of the % ABB (figs. 2A-C and 3A-C) indicated the high stability of the BEAS-2B cells. Previously, we did similar tests for A549 cells (human epithelial lung carcinoma, a tumour cell line commonly used in tests of genotoxicity), but the frequency of MN in the negative control samples varied in a broad range from experiment to experiment (data not shown). This comparison supports the limitation of the A549 cell line cited in the OECD guidelines [11] . Another important finding of our optimization steps is the concentration of cytochalasin-B. We found the optimal concentration to be only 1 lg/ml. This is lower than the published data for this cell line suggests; for example, according to a recent review, the concentrations of cytochalasin-B required to induce cytokinesis should be in a range of 3-9 lg/ml. For these studies, however, no information on cytochalasin-B cytotoxicity is available [26] . Cytotoxic effect was the reason to lower the cytochalasin-B concentration in our study.
Although the use of cell lines is a basic approach in genotoxicity studies, researchers should be very careful in selecting suitable cell lines for genotoxicity tests. A cell line with a normal karyotype should be preferentially used in any cytogenetic or gene expression assay, particularly due to the fact that the high diversity of chromosome number in individual cells of cancer cell lines can cause a variety between passages [10] and also impact analysis results, especially gene expression data [27] . Therefore, cancer cell lines cannot provide a meaningful interpretation of genotoxicity tests that utilize cytogenetic or gene expression markers in relation to human health.
A potential limitation of our study is the fact that we used organic extracts from exhaust particles instead of particles as a whole, which would better correspond to the real-life conditions. Although organic extracts do not reflect some biological effects of particles (e.g. generation of reactive oxygen species and subsequent oxidative damage to macromolecules), nor the effect of water-soluble compounds (e.g. metals), they contain aromatic compounds and thus represent a direct way how to evaluate genotoxicity specifically associated with the presence of PAHs and their derivatives. Moreover, it has been shown that upon inhalation, organic compounds are efficiently released from the particles in the lungs, enter the blood stream either directly or after metabolic activation and thus cause systemic effects in the organism [28] . The concentrations of the test compounds represent another limitation of our study as in the ambient air their levels are orders of magnitude lower than those used for in vitro tests. However, our work should be regarded as a typical in vitro experiment that uses model cell lines and conditions to investigate properties and mechanisms of action of the tested compounds. Moreover, by application of a non-tumour cell line, we improved interpretation value of our data.
Conclusions
Although micronucleus testing is well-established, widely used and accepted as a method of choice in testing the genotoxicity of numerous compounds, in vitro MN data on the effects of engine emissions in suitable cellular models are scarce and those on the effect of biodiesel fuels seem to be completely missing. We intended to fill this gap by studying the genotoxic effects in BEAS-2B cells of model compounds and of extracts of PM produced by a diesel engine running on diesel fuel and biodiesel. To the best of our knowledge, our report is the first one comparing the genotoxicity of diesel and biodiesel fuels in this cell model using analysis of MN. The results indicate the induction of DNA damage by the extracts from both fuels and, interestingly, no apparent differences between the effects of diesel and biodiesel fuels. As alternative fuels are becoming commonly used, the potential genotoxic effects of various fuels should be investigated across engine technologies and operating conditions. We advocate applying the MN test, preferably in the settings described here, and other biomarkers to systematically monitor in vitro the genotoxicity of existing and new fuels with the aim of gathering more data on the mechanisms of DNA damage. The results should become the basis for a decision on the suitability of new fuels for mass production and use in real life.
